Reactive Mn(IV) oxide minerals are ubiquitous in the environment and control the bioavailability and distribution of many toxic and essential elements and organic compounds. Their formation is thought to be dependent on microbial enzymes, because spontaneous Mn(II) to Mn(IV) oxidation is slow. Several species of marine Bacillus spores oxidize Mn(II) on their exosporium, the outermost layer of the spore, encrusting them with Mn(IV) oxides. Molecular studies have identified the mnx (Mn oxidation) genes, including mnxG, encoding a putative multicopper oxidase (MCO), as responsible for this two-electron oxidation, a surprising finding because MCOs only catalyze single-electron transfer reactions. Characterization of the enzymatic mechanism has been hindered by the lack of purified protein. By purifying active protein from the mnxDEFG expression construct, we found that the resulting enzyme is a blue (absorption maximum 590 nm) complex containing MnxE, MnxF, and MnxG proteins. Further, by analyzing the Mn(II)-and (III)-oxidizing activity in the presence of a Mn(III) chelator, pyrophosphate, we found that the complex facilitates both electron transfers from Mn (II) to Mn(III) and from Mn(III) to Mn(IV). X-ray absorption spectroscopy of the Mn mineral product confirmed its similarity to Mn(IV) oxides generated by whole spores. Our results demonstrate that Mn oxidation from soluble Mn(II) to Mn(IV) oxides is a two-step reaction catalyzed by an MCO-containing complex. With the purification of active Mn oxidase, we will be able to uncover its mechanism, broadening our understanding of Mn mineral formation and the bioinorganic capabilities of MCOs.
biomineralization | biogeochemistry | microbial redox | metal cycling M n(IV) oxide minerals are nearly ubiquitous in aquatic and terrestrial environments and are recognized as playing an important role in global biogeochemical cycles (1) (2) (3) (4) . Manganese is the second most abundant redox active transition metal in the Earth's crust and is readily mobilized as Mn(II) from igneous and metamorphic rock at near-neutral pH through reductive dissolution of Mn(III, IV) oxides or leaching from Mn(II)-bearing minerals. Mn(IV) is the thermodynamically favorable oxidation state under oxic conditions, so it follows that Mn(IV) oxides would be found in diverse environments such as metalcontaminated streams (5), hydrothermal mounds near oceanic spreading centers (6) , and on up to 30% of the Pacific ocean floor, where they occur as ferromanganese nodules, microconcretions, coatings, and crusts (7) . In addition to being nearly ubiquitous, they have high surface area that provides reactive sites for sorptive and redox reactions and are one of the strongest natural oxidants in the environment. Because of these properties Mn cycling is tightly linked with other elemental cycles such as S, C, N, P, Fe, and trace elements and radionuclides through scavenging and oxidation reactions (4) .
In the environment, microorganisms are believed to have major control of the formation of Mn oxide minerals, yet little is known about this mechanism. These Mn-oxidizing microbes encrust themselves in Mn oxides for an unknown physiological purpose, although protection from predation, oxidative stress, or UV damage or a mechanism to access recalcitrant carbon from organic matter are plausible hypotheses (4). Multicopper oxidases (MCOs) have been implicated as the Mn oxidase in several model Mn-oxidizing bacteria including Leptothrix species (8), Pseudomonas putida (9), Pedomicrobium species (10), and diverse marine spore-forming Bacillus species whose spores are capable of oxidizing Mn(II) (11) (12) (13) (14) (15) (16) (17) (18) . Thus, MCOs are involved in Mn oxidation by a variety of organisms that are recognized to be important agents in Mn oxidation in a range of terrestrial and aquatic environments including soils, sediments, and freshwater and marine systems; however, purification of these enzymes in quantities sufficient for biochemical characterization has not been possible. The Bacillus species Mn oxidizing system encoded by the mnx operon (19, 20 ) is a relevant model for studying mechanisms by which a bacterial MCO catalyzes the unprecedented two-electron oxidation of its substrate, Mn(II), to form a Mn(IV) oxide mineral.
Enzymatic Mn oxidation on the Bacillus spore surface overturns the widely held perception that bacterial spores are inactive, dormant cells. In fact, the Bacillus exosporium is made up of a highly ordered matrix of proteins and sugars responsible for interacting with the environment and conferring pathogenesis (21) . Many attempts have been made to purify the Mn-oxidizing exosporium protein, but it is in low abundance and difficult to solubilize. Exosporium preparation and extraction takes about 2 wk and yields very little, impure protein, whereas the expression system described here produces about 2 mg of purified Bacillus sp. strain PL-12 Mn(II) oxidase per liter of Escherichia coli culture in 5 d.
Results and Discussion
Direct molecular evidence for the oxidation in the Bacillus exosporium demonstrated the presence of MnxF and MnxG in an active SDS PAGE gel band (22) , but coexpressing these genes in E. coli did not produce active protein. However, active protein was obtained when the mnxDEFG operon construct was expressed without a tag in E. coli by inducing at 17°C and loading with 2 mM CuSO 4 under microaerobic conditions. (Preliminary experiments indicate that mnxD can be omitted from the construct.) After lysis, E. coli proteins were removed by trypsin proteolytic digestion or by heat precipitation at 70°C for 20 min. The active heat-stable and trypsin cleavage-resistant Mn oxidase was purified by a series of native chromatography steps: hydrophobic interaction, gel filtration, and ion exchange. Enzymatic Mn(II)-oxidizing activity was demonstrated by the formation of brown Mn(IV) oxides after the addition of MnCl 2 to protein in solution or run on a nondenaturing SDS PAGE (without thiol reductant or boiling sample pretreatments). The presence of oxidized Mn was confirmed by a colorimetric assay, in which Mn(III) and Mn(IV) react with leucoberbelin blue (LBB) to turn the solution blue [absorption maximum (Abs) 618 nm].
To elucidate which mnxDEFG operon gene products were in the purified active protein, we ran an in-gel Mn oxidation assay (13) in nondenaturing SDS PAGE to select an active protein band for tandem mass spectrometry (MS/MS) identification ( Fig.  1 , Left). MS/MS identified 100 unique peptides from MnxG (48.3% coverage), 10 from MnxE (48.2% coverage), and 5 from MnxF (23.3% coverage) ( Fig. S1 and Table S1 ), a surprising result because no MCO has been previously purified as a multiprotein complex. The molecular weight of the purified MnxG complex determined by size-exclusion chromatography and a molecular weight calibration curve is ∼230 kDa, suggesting the presence of one full-length MnxG (138 kDa) and an oligomer of six to eight MnxE and MnxF subunits (12 kDa each) of unknown stoichiometry. MnxE and MnxF have no conserved sequence homology to known proteins. However, a BLAST search indicated that MnxE, MnxF, and MnxG all have homologs in the sporeforming bacteria Cellulosilyticum lentocellum, a cellulose-degrading Clostridium, and Desulfotomaculum kuznetsovii, a thermophilic methylotrophic sulfate reducer. It is unknown whether these organisms can oxidize Mn, but because MnxE and MnxF are only conserved among spore-forming bacteria, they may be required for activity, stability, and/or localization of MnxG-like MCOs to the spore surface or exosporium.
The MnxG sequence predicts it to be a large, six-domain MCO, similar to human ceruloplasmin, a ferroxidase (19) . MCOs contain four copper atoms that couple the oxidation of phenolic or metal substrates to the sequential reduction of O 2 to H 2 O. These four copper atoms reside in the blue type 1 (Abs ∼600 nm) center and the trinuclear center containing one type 2 and two type 3 (Abs ∼330 nm) Cu atoms. In addition to these canonical Cu atoms, MCOs can also bind Cu in extra T1 sites and in labile regulatory sites (23, 24) . Our purified MnxG complex is bluecolored (Abs 590 nm) (Fig. 1, Right) and has a copper occupancy of ∼6.4 Cu per mole of MnxG complex by inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis. To determine the course of MnO 2 formation, we monitored changes in the UV-visible absorption spectrum when Mn(II) or Mn(III) was allowed to react with oxygenated buffer in the presence of purified enzyme and the Mn(III) chelator, pyrophosphate (PP) (Fig. 2) . When the reaction was initiated with Mn(II), a 258-nm peak, due to Mn(III)-PP, rises and then falls as a 360-nm peak, due to colloidal MnO 2 , rises. The initial time course of the rising Mn(III)-PP peak is sigmoidal, suggesting cooperative, allosteric substrate binding. When Mn(III)-PP initiates the reaction, the Mn(III)-PP peak decays as the MnO 2 forms (Fig. 2) . These results corroborate the earlier findings using Bacillus exosporium that Mn(II) oxidation to MnO 2 is catalyzed by two single electron transfers (25, 26) .
Because formation of mononuclear Mn(IV) in a protein environment would be energetically prohibitive, we have proposed a polynuclear mechanism, in which electron transfer from Mn (III) would be driven by the formation of bridging oxides (25) . Consistent with such a mechanism, we found that when threefold excess Mn(II) was titrated into purified enzyme, dialyzed overnight, and concentrated, the solution displayed a 360-nm difference absorption band (Fig. 1, Right) and LBB reactivity, suggestive of a polynuclear Mn(IV) species. ICP-OES analysis gave a stoichiometry of 1.6 Mn per mole of MnxG complex. This result suggests that Mn(II) oxidation results in a protein-bound dinuclear or trinuclear Mn(IV) oxo complex that can nucleate MnO 2 formation.
The Mn oxidation state and the structure of the MnO 2 minerals made by purified Bacillus sp. PL-12 Mn oxidase were analyzed using X-ray absorption spectroscopy and compared with those previously reported for intact purified Bacillus sp. SG-1 spores (18, (27) (28) (29) . X-ray absorption near-edge spectra (XANES) of solid phases of two different concentrations of purified Mn oxidase, 5 and 50 μg·L -1 , demonstrated that both preparations oxidized Mn(II) to Mn(IV) (Fig. 3, Left) . The absorbance maximum for these two preparations occurs near the white line of Mn (IV) at 6,562 eV. Linear combination fitting of the data confirm a predominance of Mn(IV) in the samples with 20-30% Mn(II) and Mn(III) present, mostly as Mn(II), as evidenced by the shoulder at 6,553 eV.
Measurements of the Mn K-edge extended X-ray absorption fine structure (EXAFS) were also performed on these preparations (Fig. 3, Right) . In previous studies, it was shown that Mn oxides formed by spores of Bacillus sp. SG-1 in NaCl solution were similar to δ-MnO 2 (18) , whereas in CaCl 2 solution biogenic Mn oxides exhibited features similar to triclinic or orthogonal manganates (28) . Qualitatively, EXAFS of Mn oxides formed by purified Mn oxidase were similar to the spore product but with some differences between the Mn oxides depending on the amount of protein used. Specifically, EXAFS of Mn oxides formed with 50 μg·L −1 purified protein showed single antinodes at 8.0 and 9.3 Å −1
, whereas Mn oxides produced from 5 μg·L −1 protein showed double antinodes (Fig. 3, Right) . Single antinodes can be found in hexagonal layer symmetry, which includes δ-MnO 2 , hexagonal birnessites, and biogenic Mn oxides from Bacillus sp. SG-1 in NaCl, whereas double antinodes at 8.0 and 9.3 Å −1 can be observed in orthogonal layer symmetry such as triclinic birnessites and biogenic Mn oxides formed by spores of Bacillus sp. SG-1 in CaCl 2 (28) (29) (30) (31) . Fourier transforms show that Mn oxides from purified Mn oxidase have most of the features observed in Bacillus sp. SG-1 spore-generated Mn oxides in both NaCl and CaCl 2 solution [i.e., first peak (Mn-O) and second peak (edge-sharing Mn-Mn)] and amplitude of multiple-scattering peak at 5.2 Å.
The Bacillus exosporium MnxG complex represents a distinct chapter in biomineralization. It is the only example of an MCO catalyzing two energetically distinct metal oxidation steps, as part of bio-oxide formation. The requirement of two small accessory proteins for function is also unprecedented. Now that a method is in hand to produce quantities of purified Mn oxidase, the unique mechanism of Mn(II) oxidation and MnO 2 biomineralization can be elucidated through crystallographic and spectroscopic methods. Given that MCOs seem to be the enzymes responsible for Mn oxidation in a variety of environmentally conspicuous organisms (8-12, 14, 22) , this insight will be invaluable in understanding how Mn cycling occurs and how it affects other geochemical cycles. The enzyme may also have useful biotechnological applications in the fields of biomaterials, enzyme catalysts, bioremediation, metal recovery, and bioenergy.
Materials and Methods
mnxDEFG Gene Cloning. Bacillus sp. PL-12 genomic DNA was isolated with DNeasy kit (Qiagen). mnxDEFG was amplified with Pfu Phusion high-fidelity DNA polymerase (New England Biosciences) using forward primer 5′-GCTAGCATGCGTCATTCGGATTATTTGAAAAATTTGT-3′ and reverse primer, 5′-CTCGAGTTATGCCTTTTCTTCATTGTCCCACCCC-3′, including mnxG stop codon and bolded restriction enzyme sites. This amplicon was subcloned into pJet (Invitrogen) before insertion into pTXB1 (New England Biosciences) with NheI and XhoI (New England Biosciences) restriction enzymes to excise from the entry vector and ligate into the expression vector. Native Protein Expression and Purification in E. coli. One liter of LB was inoculated from 10 mL of E. coli BL12(DE3) (pTXB1/mnxDEFG) with 100 μg/mL ampicillin, 0. , where it was isolated from a single peak. Protein was quantified using the bicinchoninic acid reagent (Thermo Scientific), using the sizeexclusion chromatography-determined molecular weight of the purified complex of 230 kDa. Purified protein copper content was determined with a Perkin-Elmer Optima 2000 DV inductively coupled plasma optical emission spectrometer. UV-visible absorption spectrum was collected on Varian Cary 50 spectrophotometer.
Mass Spectrometry Analysis. Purified protein was run on Tris Glycine 4-15% SDS gel (Bio-Rad) in adjacent wells. After electrophoresis, the lanes were separated and stained in Imperial protein stain (Pierce) or Silver stain (Pierce) and assayed for Mn oxidation (13) . The Imperial-stained band that corresponded to the Mn oxidation active band was excised by razor blade and submitted to LC-MS at the Oregon Health and Science University proteomics shared resource center. The gel slice was reduced with 10 mM DTT and alkylated with 55 mM iodoacetamide before an overnight digestion with trypsin at a protease-to-protein ratio of greater than 5:1. All solutions were in 100 mM ammonium bicarbonate. For analysis on the mass spectrometer each protein digest was analyzed by LC-MS using an Agilent 1100 series capillary LC system (Agilent Technolgies Inc.) and an LTQ Velos linear ion trap mass spectrometer (ThermoFisher). Bacillus sp. PL-12 MnxD, MnxE, MnxF, and MnxG were appended to E. coli sequences downloaded from the UniProt website (November 2011). The database sequences and their reversed sequences were appended to 179 common contaminant sequences and their reversed forms. We used the sequence-reversed database to estimate error thresholds (32) . The database processing was performed with Python scripts available at www.ProteomicAnalysisWorkbench.com. Bacillus sp. PL-12 MnxG and MnxE were identified with a protein false-discovery rate of less than 1%. MnxF was identified with a false-discovery rate of approximately 20%, and then subsequently confirmed by manual validation of the MS2 spectra using Scaffold version 3.0 (www.proteomesoftware.com/products/ scaffold/). Further mass spectrometry details can be found in Supporting Information.
Mn(III)-PP Trapping. UV visible spectral measurements of Mn oxidation reactions with purified oxidase and Na pyrophosphate were performed and fitted as described previously with Bacillus sp. SG-1 exosporium (25).
X-Ray Absorption Spectroscopy. Mn oxide minerals were harvested as follows. Five micrograms of purified protein was added to 100 mL or 1 L of 10 mM Hepes (pH 7.8), 50 mM NaCl, and 100 μM MnCl 2 . The reaction was shaken overnight at 30°C. The 100-mL reaction was allowed to settle for about 3 d and the 1-L reaction was allowed to settle about 2 h before the oxides were siphoned off the bottom, centrifuged 5,000 × g for 10 min, then centrifuged again 15,000 × g for 1 min in microfuge tubes. The oxides were allowed to air-dry before packing into Al sample holders. Samples were secured with kapton tape with lexan covers between the samples and kapton tape to prevent any reduction of Mn induced by the beam during data collection (28) . Mn K-edge EXAFS was collected on transmission mode at Stanford Synchrotron Radiation Lightsource beamline 4-1 with a Si(220) double-crystal monochromator and detuned 60%. Energy calibration was done using the pre-edge feature of potassium permanganate (6,543.34 eV). Samples were run at 77°K using a liquid nitrogen cryostat. Background subtraction and normalization was done using Athena (33) .
